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An atmospheric pressure microwave induced plasma ionization (AI?-MIPI) source design for 
molecular analysis is presented. It consists of three sections: the torch, the microwave cavity, 
and the vacuum interface. The torch uses an oscillating capillary nebulizer for introduction of 
aqueous solutions into the afterglow of the MIP. Samples introduced into the afterglow of the 
plasma are ionized by protonated solvent molecules in a fashion similar to the chemical 
ionization Iprocess. The ions are then transported into the mass spectrometer using a heated 
capillary tube. The combination of an improved torch design and the heated capillary tube 
provides a stable ionization source for direct aqueous solution introduction with flow rates of 
up to 0.5 mL/min. The system works well with solvent compositions similar to those used in 
high performance liquid chromatography. For most samples studied, the protonated mole- 
cules were the base peaks of the mass spectra. A linear dynamic range of at least two orders 
of magnitude and an upper limit of quantitation of 5 ng were observed for alanine. The 
technique was shown to maintain reproducibility and moderate loss of sensitivity (33% 
reduction) when an amino acid solution containing a sodium phosphate buffer was analyzed. 
The optimization of experimental parameters with respect to the torch and vacuum interface 
is discussed. (J Am Sot Mass Spectrom 1998, 9, 42-49) 
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A ttempts to use an atmospheric pressure micro- wave induced plasma (MIP) as an ionization source for molecular mass spectrometry using 
direct 1iqu:id sample introduction have been very lim- 
ited and mostly unsuccessful [l]. This is because the 
mechanism by which the sample is introduced into the 
MIP has an important effect on the stability of the 
plasma, the ionization process of the analyte, and the 
degree of fragmentation of the molecular ions produced 
in the plasma. For example, when the MIP is used as a 
source for elemental analysis, compounds are vapor- 
ized, atomized, and form monatomic ions [2-91. In 
order to use a MIP as an ionization source for molecular 
mass spectrometry, a tangential flow MIP torch was 
designed by Satzger and Brueggemeyer [ 11. The plasma 
produced with this injector surrounded the tip of the 
injector hibe, thereby reducing diffusion and fragmen- 
tation of the analyte ions prior to sampling. With this 
modification, a number of organic vapors were intro- 
duced into the afterglow region of the plasma, and their 
quasimolecular ions and molecular fragment ions were 
successfully detected using mass spectrometry. The 
design, however, had limited success with liquid sam- 
ple introduction because the sample was introduced 
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directly with neither a nebulizer nor any other auxiliary 
sample introduction device that would aid in the va- 
porization of the liquid sample. Due to the limited 
thermal energy available in the low-power MIP, the 
plasma was not hot enough to uniformly vaporize and 
ionize the analyte solution. This, in turn, caused signal 
instability that precluded the design from producing 
reproducible and quantitative data during liquid sam- 
ple introduction. 
Several techniques have been developed for nebuli- 
zation of liquid samples prior to their introduction into 
the plasma [lo-121. The oscillating capillary nebulizer 
(OCN) [ll] is inexpensive, easy to fabricate, and pro- 
duces an aerosol with droplet sizes in the range of a few 
microns. Additionally, the droplet size formed by the 
OCN can be controlled by the gas pressure used to 
oscillate the capillary. Although optimum droplet size 
and uniformity are obtained at approximately 200 lb/ 
in.‘, the high pressure reduces the residence time of the 
analyte in the afterglow of the plasma, limiting abun- 
dant ion production and leading to lower detection 
sensitivity [13]. 
To address the limitations discussed above, we have 
designed a microwave induced plasma torch and vac- 
uum interface in which (1) the solution is nebulized via 
an OCN prior to its injection into the plasma, (2) the gas 
pressures are reduced in order to increase analyte 
residence time in the afterglow of the plasma, (3) the 
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nebulized solution is introduced into the afterglow of 
the plasma using a ceramic sample vaporizer tube to 
minimize fragmentation, and (4) a heated capillary tube 
(HCT) is utilized to enhance solvent vaporization at 
high carrier solvent flow rates and to transfer ions to the 
mass spectrometer [14]. Because the mass spectrometric 
detection of underivatized ammo acids is becoming an 
increasingly important area of research in our labora- 
tory, several amino acids have been used to test the 
utility and breadth of applicability of this technique. 
microwave - 
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Reugents and Materials 
Anhydrous, spectrophotometric grade methanol 
(Mallinckrodt Specialty Chemicals Co., Paris, KY), poly- 
ethylene glycol 600 (Aldrich Chemical Co., St. Louis, 
MO), and all other chemicals (Sigma Chemical Co., St. 
Louis, MC)) were used without further purification. 
Tubing and vacuum components were stainless steel 
Swagelok (Arthur Valve and Fitting, Austin, TX). All 
glass capillaries and graphite ferrules were purchased 
from SGE (Austin, TX). A microwave power supply 
(Kiva Instrument Corp., Rockville, MD; model MPG- 
4M) operating at a frequency of 2.54 GHz was used in 
this study.. A microwave forward power of 62 W and a 
reflected power of <2 W were used. The mass spec- 
trometer used was a Finnigan 4023 with a Finnigan 4500 
ion source block. In the initial stages of this study, the 
mass spectrometer was controlled by an INCOS data 
acquisition interface, software version 4.07.82, and a 
Nova 3 computer. Later, the data acquisition interface 
and computer were replaced with a Teknivent (St. 
Louis, MO) Vector 2 data acquisition interface and a 
Dell (Austin, TX) personal computer. 
Water and/or water-methanol cluster peaks were 
used for low mass (lo-100 Da) calibration of the AP- 
MIPI-MS signal. For high mass (300-700 Da) calibra- 
tion, a solution of 1% polyethylene glycol600 (PEG 600) 
in methanol + water (50:50, v/v) was used under 
AP-MIPI-MS. Strong peaks were observed in the mass 
range of 300-700 Da representing [(C,H,O),H,O]H’ 
with n = 7-15. 
All samples were dissolved in a water + methanol 
solution (50:50, v/v) and unless otherwise noted were 
continuously infused into the plasma at a flow rate of 
100 pL/min using a syringe pump (Harvard Appara- 
tus, Natick, MA; model 55-111). Two syringe loading 
sample injectors (Rheodyne, Cotati, CA; model 125) 
with sample loops of 20 and 5 PL were used for 
reproducibility and quantitative experiments. For all 
optimization experiments, a continuous infusion of a 
0.1 mg/mL solution of tryptophan in methanol + water 
(50:50, v/v) was used, and except when otherwise 
mentioned, the mass spectrometer was operated under 
a narrow mass range (m/z 203-207) with a scan time 
of 1 s. Each point on the optimization plots represents 
an averaged standard deviation from 30 individual 
Figure 1. Schematic representation of the MIP atmospheric pres- 
sure ionization source and vacuum interface. 
scans. The signal intensity (peak height) of the proto- 
nated tryptophan molecule (m/z 205) was used for the 
optimization experiments. In the stability and repro- 
ducibility experiments, the stability of the ion signal is 
based upon the standard deviation of the ion signal 
intensity during continuous sample infusion, and the 
reproducibility is based upon the deviation of the ion 
signal intensity when identical loop injections are made. 
MIP Torch Design 
The schematic of the AP-MIP ionization source is 
shown in Figure 1 and consists of three sections: (1) MIP 
torch, (2) MB? cavity, and (3) vacuum interface. The new 
torch design presented here is a modified version of 
Shen and Satzger’s torch design [13]. Two major mod- 
ifications were made: their threaded aluminum insert 
was removed, and an oscillating capillary nebulizer was 
added to the torch. The schematic of the new torch is 
shown in Figure 2. The MIP torch consists of five 
concentric tubes. The innermost of these, the sample 
introduction tube (A) [fused silica capillary, 0.22 mm 
inner diameter (i.d.), 0.30 mm outer diameter (o.d.)], 
first passes through a 3.175 mm Swagelok tee [which 
we call the nitrogen introduction tee (B)] and then 
h&urn 
inlet 
Figure 2. Schematic representation of the MIP torch. A: sample 
introduction tube; B: nitrogen introduction tee; C: nitrogen intro- 
duction tube; D: graphite ferrule; E: coupling probe injector, F: 
helium introduction tee; G: helium inlet tube; H: sample vaporizer 
tube; I: quartz discharge tube. Measurements are in millimeters. 
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passes through a nitrogen introduction tube (C) (fused 
silica capillary, 0.5 mm i.d., 0.635 mm o.d.) and extends 
approximately 3-5 mm beyond the end of the nitrogen 
introduction tube. The sample introduction tube is 
secured inside one arm of the nitrogen introduction tee 
using a graphite Vespel ferrule (D), and the nitrogen 
introduction tube is secured inside the opposite arm of 
the nitrogen introduction tee in the same manner. The 
nitrogen carrier gas, which is introduced into the third 
arm of the nitrogen introduction tee, passes through the 
opening between the sample introduction tube (A) and 
the nitrogen introduction tube (C). As described by 
Wang et al. [ll], the combination of the sample intro- 
duction tube and the nitrogen introduction tube forms 
an oscillating capillary nebulizer when nitrogen gas is 
introduced. The nitrogen introduction tube (C) passes 
through a 45 mm long, 1.588 mm id., 3.175 mm o.d. 
stainless steel tube (E) (hereafter referred to as the 
coupling probe injector) [13]. The in-house-fabricated 
helium introduction tee (F) was made by cutting off the 
3.175 mm end of a 3.175 mm X 6.350 mm Swagelok 
union and welding a 3.175 mm Swagelok nut in its 
place (see upper left inset of Figure 2). The downstream 
arm of the nitrogen introduction tee screws into this 
nut. To introduce helium into this modified union, a 
3.175 mm hole was drilled into the side of the union, 
and a 5 cm long, 3.175 mm o.d. tube (G) (Scientific 
Instrument Services, Ringoes, NJ) was welded into this 
hole. The narrow opening between the two sides of the 
3.175 mm x 6.350 mm union was tapped so that the 
threaded end of the coupling probe injector could screw 
into it (Figure 2, upper left inset). To facilitate the 
ignition of the plasma, the other end of the coupling 
probe injector is sharpened. A 21 mm long ceramic 
(sample vaporizer) tube (H) (aluminum oxide, 0.914 
mm i.d., 1.588 mm o.d.) is inserted approximately 18 
mm into the coupling probe injector (E). Because the 
sample vaporizer tube (H) passes through the plasma, 
the high Itemperature inside the tube assists in the 
vaporization of the sample aerosol leading to stable 
sample introduction. The sample vaporizer tube (H) has 
two functions: (1) it prevents diffusion of the aerosol by 
confining the spray to the area within its inner walls, 
and (2) it injects the aerosol into the afterglow of the 
plasma. A 54 mm long quartz plasma discharge tube (I) 
(4 mm i.d., 6 mm o.d.), which is used to contain the 
microwave induced helium plasma, is secured inside 
the 6.350-mm end of the helium introduction tee using 
a Vespel ferrule. The helium plasma support gas passes 
through this quartz tube. 
The torch fits inside a stripline microwave cavity, 
similar to that described by Barnes and Reszke [15] 
which produces a plasma inside the quartz discharge 
tube. In our experiment using a stripline cavity, the re- 
flected power was minimized by axially adjusting 
the position of the tip of the torch with respect to the 
microwave cavity. The plasma produced inside the 
quartz discharge tube is similar to those previously 
reported [13]; i.e., the hot zone of the plasma starts at 
the tip of the coupling probe injector tube and extends 
2-3 mm, and the “afterglow” of the plasma surrounds 
the plasma’s hot zone and extends 2-3 mm out of the 
quartz discharge tube (Figure 2, upper right inset). 
Vacuum Interface Design 
The vacuum interface is similar in concept and design 
to that reported recently by this laboratory [16, 171 and 
consists of two Delrin blocks mounted on a Finnigan 
4500 source flange (Figure 1). Ions are transported into 
the mass spectrometer through a 20 cm long stainless 
steel heated capillary tube (HCT) (0.5 mm i.d., 1.588 mm 
o.d.) held in the first Delrin block by a Swagelok 
connector that is press-fit into the block and rests on top 
of an O-ring. The first block has a 1 in. outlet for a 
mechanical pump (first stage of pumping) and is bolted 
to the outside face of the source flange. Heater tape 
provides heat to the HCT, and the electrical connections 
to this tape are made through the Delrin block. The 
second Delrin block screws into threads cut in the 
vacuum side of the source flange. At the end of this 
block there are two stainless steel skimmers, each with 
an orifice size of 0.5 mm and mounted on an O-ring. 
These skimmers separate the block into two pumping 
stages to ensure that the analyzer pressure is approxi- 
mately 2 X 1O-5 torr. A 0.4 cm id., 0.63 cm o.d. copper 
tube pumps the region between the two skimmers 
(second stage of pumping). The gas chromatograph 
transfer line port of the mass spectrometer was used for 
introduction of this copper tube. To maximize the 
pumping speed of the second stage, the skimmers are 
arranged in the fashion shown in Figure 1. In this 
arrangement, skimmer one is not actually acting as a 
skimmer but as a sampling orifice. The distance be- 
tween the two skimmers is 3-4 mm. Under these 
conditions, the pressures in the first and second stages 
of pumping are approximately 10 torr and 20 mtorr, 
respectively, and the pressure in the source block is 
approximately 1 X 10P4 torr. The first stage of pumping 
is pumped by a Busch RA 0025 single stage mechanical 
pump (Virginia Beach, VA), and the second stage is 
pumped by a Welch (Skokie, IL) model 1402 mechanical 
pump. The voltages provided to skimmers one and two 
are from Kepco ABC30 (Flushing, NY) and Fluke 407DR 
(Seattle, WA) power supplies, respectively. A screw 
through the second Delrin block allows a voltage con- 
nection to be fed through to the first skimmer. The 
voltage provided to the HCT is from a Fluke 407DR 
power supply, and the heater tape for the HCT is 
powered by a Powerstat 108 power supply (Superior 
Electric Co., Bristol, CT). The outlet of the HCT is 
concentrically aligned with the skimmers’ holes, and 
the distance between the outlet of the HCT and the first 
skimmer is approximately 5 mm. The source lens stack 
used is part of the Finnigan 4500 ion source, and 
voltages for the lens stack are obtained from the mass 
spectrometer’s lens stack power supply. All electrical 
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Table 1. Optimal operating parameters for the Al’-MIPI-MS 
system using a 0.1 mg/mL solution of tryptophan in water + 
methanol (.50:50, v/v) at a flow rate of 100 FL/mm 
MIP torch 
N, carrier gas flow rate 2.5 Umin 
He sheath gas flow rate 2.7 Umin 
Distance between HCT and sample vaporizer 
tube 8mm 
Microwave forward power 62 W 
Microwave reflected power <2 w 
Mass spectrometer and vacuum interface 
HCT temperature 135°C 
Voltage on HCT 33 v 
Voltage on first skimmer 20 v 
Voltage on second skimmer 5V 
connections to the outside (except to the heater) are 
made via existing connections on the source flange. 
Results and Discussion 
Optimization of Experimental Parameters 
For the optimization of the AI’-MIPI system, several 
experimental parameters were examined which in- 
cluded the following: sample flow rate, OCN nitrogen 
gas flow rate, ME’ helium gas flow rate, distance of the 
HCT inlet from the outlet of the torch’s sample vapor- 
izer tube, HCT temperature, and the various parame- 
ters of the vacuum interface. The experimental param- 
eters were first roughly adjusted to obtain maximum 
signal intensity and stability with minimum back- 
ground chemical noise. Then, to optimize each param- 
eter, all other parameters were set to their rough opti- 
mal value and the parameter of interest was optimized. 
Final optimization values are listed in Table 1. A 0.1 
mg/mL tryptophan solution was used for these exper- 
iments as a representative of amino acids. The optimi- 
zation experiments presented here use a sample flow 
rate of 100 pL/min because this flow rate represents the 
lower limit of flow rates commonly used in analytical 
HPLC (100-1000 pL/min) and the upper limit of those 
used in micro HPLC (25-100 pL/min). 
Samplej7ozu rate. The effect of sample flow rates on the 
intensity of the protonated tryptophan signal was ex- 
amined (Figure 3). As shown, when the sample flow 
rate was increased from 0 to 133 pL/min, the signal 
intensity of the protonated analyte molecule increased 
almost monotonically, indicating that the experimental 
parameters used were applicable to a wide range of 
sample flow rates. The most intense ion signal corre- 
sponded to flow rates of 133-233 pL/min. However, at 
flow rates above 233 FL/min, the signal intensity 
almost monotonically decreased with increasing sample 
flow rates indicating that these flow rates were outside 
of the optimized experimental parameters used and 
require that a different set of optimized parameters be 
used for tlhese flow rates. The MIP source was able to 
.500/ ’ ’ ’ ’ ’ ’ ’ 
T ’ 
400 
300 
1 
200 
i 
100 
i 
00 
0 100 200 300 
Sample Flow Rate Qd.hin) 
Figure 3. Effect of sample flow rates on the signal intensity of the 
protonated tryptophan molecule. 
produce protonated tryptophan without being extin- 
guished at flow rates of up to 600 pL/min. 
Carrier gas (nitrogen) and plasma support gas (helium) jlow 
rates. The effects of the gas flow rates on the AI’-MIPI 
source were studied using the tryptophan solution 
(Figure 4). The nitrogen flow rate was varied from 0.3 to 
3.4 L/min. At flow rates below approximately 1.0 
L/min, low ion signal intensity was observed which is 
reasonably attributable to insufficient nebulization of 
the liquid flow. At nitrogen flow rates above 1 L/min, 
the intensity of the molecular ion increased to a maxi- 
mum value corresponding to a flow rate of approxi- 
mately 2.5 L/min and then diminished with further 
increases in the nitrogen flow rate possibly due to the 
decreased residence time of the analyte in the plasma 
[13]. The helium plasma support gas was varied from 0 
to 5.5 L/min (Figure 4). The protonated tryptophan 
(m/z 205) signal intensity increased rather quickly 
with increases in the helium flow rate from 0 to 2.7 
L/min, and slowly decreased with further increases in 
the helium flow rate. Further experiments are under 
way in order to fully explain these experimental obser- 
vations. 
0 1 2 k 
Gas Flow (Vmin) 
Figure 4. Effects of carrier gas (nitrogen) flow rate and plasma 
support gas (helium) flow rate on the signal intensity of the 
protonated tryptophan molecule. 
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Sampling Distance (mm) 
Figure 5. Effect of sampling distance on the signal intensity of 
the protonated tryptophan molecule. 
Sampling distance between the sample vaporizer tube and the 
HCT. For this experiment, the tryptophan solution 
was analyzed while the distance between the outlet of 
the torch’s sample vaporizer tube and the inlet of the 
HCT was varied from 4.6 to 12 mm (Figure 5). The 
protonated tryptophan ion intensity became detectable 
above background noise at a sampling distance of about 
4.6 mm. The highest molecular ion intensity was ob- 
served at a sampling distance approximately 8 mm 
from the end of the sample vaporizer tube and then 
decreased with increasing sampling distance. 
Vacuum interface. The parameters of the vacuum inter- 
face include HCT temperature, length and inner diam- 
eter, dista.nce between the HCT outlet and the first 
skimmer, distance between the first and second skim- 
mers, skimmer orifice sizes, voltages on the first and 
second skimmers, and voltage on the HCT. 
Figure 6 shows the effect of the HCT temperature on 
the intensity of protonated tryptophan. As shown, 
increasing the temperature of the HCT from room 
temperature to approximately 135°C increased the in- 
tensity of the protonated tryptophan signal slightly 
whereas further increases led to a decrease in the 
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Figure 6. EIffect of the HCT temperature on the signal intensity of 
the protonated tryptophan molecule. 
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Figure 7. Al’-MIPI-MS spectrum of tryptophan under optimal 
experimental parameters (Table 1). Peaks marked with an asterisk 
are reproducible background peaks, and unlabeled peaks are 
noise spikes. 
intensity of the protonated analyte, possibly due to 
thermal decomposition. This hypothesis is supported 
by the fact that the intensities of both m/z 187 (MH- 
H,O)+ and m/z 130 (MH-C,Hs02N)+ increased at 
these higher HCT temperatures. For most protonated 
analyte molecules analyzed, optimal signal intensities 
and signal-to-noise ratios were observed at HCT tem- 
peratures in the range of 120-140°C. 
Values for the other experimental parameters per- 
taining to the vacuum interface were selected based 
upon our previous work in the design of vacuum 
interfaces [16, 171. As reported in that work, the HCT 
length and inner diameter, the distance between the 
outlet of the HCT and the inlet of the first skimmer, the 
distance between the two skimmers, and the skimmers’ 
orifice sizes were chosen as a compromise between 
suitable analyzer pressure and ion signal intensity. The 
voltages applied to the skimmers and HCT were ad- 
justed to give the maximum signal intensity for the 
protonated analyte molecules with the voltages applied 
to the skimmers being the most critical and that applied 
to the HCT producing a more broad optimum. 
A summary of the torch and vacuum interface opti- 
mal parameter values is included in Table 1. Figure 7 
shows a representative AI’-MIPI-MS spectrum of the 0.1 
mg/mL tryptophan solution under optimal experimen- 
tal parameters. A scan range of loo-250 Da was used at 
a scan rate of 1 scan/s. Comparison between the spec- 
trum in Figure 7 and a chemical ionization (CI) spec- 
trum of tryptophan using methane as the reagent gas 
showed the protonated molecule as the base peak in 
both spectra. Both spectra also showed three major 
fragment ions, (MH-H,O)+, (MH-CH202)+, and (MH- 
C,H,O,N)+. The relative intensities of these fragments 
were, however, different in each spectrum. The varia- 
tion of the relative intensities is most likely due to the 
difference between the acidities of the major protonat- 
ing reagents, H,Of in the AI’-ME’1 spectrum, compared 
to CH: in the conventional CI spectrum. 
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Stability and Reproducibility 
Capillary electrophoresis and micro and capillary 
HPLC are among the potential applications of AP-MIPI- 
MS. Because of the narrow peak widths associated with 
these techniques, faster scan times are often required to 
obtain quantitative results. Therefore, to demonstrate 
the utility of AP-MIPI as a potential interface between 
these techniques and MS, a scan time of 0.15 s was used 
for the following experiment. Under the optimal exper- 
imental conditions, the stability of the reconstructed 
total ion current was studied over a mass range of 10 to 
250 Da for an 8 min analysis of the 0.1 mg/mL solution 
of tryptophan. At such a rapid scan time, the relative 
standard deviation (RSD) of the total ion current was 
approximately C 17%. However, better reproducibility 
was obtained for the tryptophan solution when loop 
injections and a longer scan time were used (2 7% for 1 
scan/s). 
As shown below, under the experimental conditions 
used here, the stability and reproducibility of the ion 
signal were approximately the same among the amino 
acids studied. For example, when nine 20 /.LL injections 
of a 0.1 mg/mL solution of lysine were analyzed using 
single ion monitoring with a dwell time of 1 s, the 
relative standard deviation of the height of the ion 
signal for the protonated lysine molecule (m/z 147) 
was 2 4%. In addition, Figures 8a and 9 also demon- 
strate the reproducibility of the ion chromatograms 
under different experimental conditions for alanine and 
arginine, respectively (see below). 
Ionization Process 
While the ionization mechanism of analyte molecules is 
similar among atmospheric pressure chemical ioniza- 
tion (APCI) [18], glow discharge ionization [19], and 
AI?-MIPI, the ionization mechanism for solvent mole- 
cules differs. In APCI, the ionization of solvent mole- 
cules is initiated by a corona discharge followed by 
ion-molecule reactions between ionized and neutral 
solvent molecules to form protonated solvent molecules 
and protonated solvent clusters. For ionization in a 
glow discharge ion source, H,O+ is produced by a 
charge exchange reaction between Ar+ (formed from 
glow discharge of the argon gas) and the background 
water present in the glow discharge source. In the 
Al?-MIP i’onization source, the liquid flow that carries 
the sample into the MIP source is nebulized and vapor- 
ized (1) by the oscillating capillary nebulizer, (2) by a 
coaxial stream of carrier gas, and (3) by the thermal 
energy of the sample vaporizer tube. When this vapor is 
introduced into the MIP, the solvent molecules are 
initially ionized by the microwave induced helium 
plasma. Due to the large quantity of solvent molecules 
present, the ionized solvent molecules then react with 
their neutral counterparts to form protonated solvent 
molecules and solvent cluster ions. For example, when 
pure water at a flow rate of 200 pL/min is introduced 
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Figure 8. (a) Ion chromatogram (m/z 90) for a quantitative 
analysis of alanine at various concentrations: A: 10 pg/pL, El00 
pg/pL, C:lOOO pg/pL, and D:lO,OOO pg/b~L. The mass spectrom- 
eter was operated using the single ion monitoring mode with a 
dwell time of 1 s. (b) Log-log plot of data presented in Figure 8a. 
into the AP-MIPI source, a distribution of protonated 
water clusters, (H,O),H+ with n = l-10, is commonly 
observed. In addition, the AI’-MlPI generated mass 
spectra are very similar to those obtained through 
-0:41 I:22 203 244 3:25 4:06 44-l 
Time (min) 
Figure 9. Ion chromatogram (m/z 175) for (a) three 20 FL 
injections of a 0.1 mg/mL solution of arginine followed by (b) 
three 20 PL injections of the same solution in the presence of 20 
mM sodium phosphate. The mass spectrometer was operated 
using the single ion monitoring mode with a dwell time of 1 s. 
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conventional chemical ionization using methane as the 
reagent gas. These results imply that under AP-MII’I-MS 
conditions, proton transfer from protonated solvent mol- 
ecules to analyte molecules (chemical ionization) is the 
main ionization process. Because the major ionization 
process is proton transfer from protonated water and 
water clusters to analyte molecules, the relative sensitivi- 
ties of analyte molecules depends on the relative sample 
basicities [20]. Currently, the effects of sensitivities of 
amino acids under Al’-MIPI-MS are under study. 
Chemical ionization can be advantageous in cases 
where molecular ion peaks are very small or even 
absent under harsher ionization conditions, such as the 
electron ionization analyses of amino acids and their 
derivatives [21,22]. In addition, chemical ionization can 
increase the sensitivity of detection by concentrating 
most of the ions on protonated analyte molecules. 
Because the chemical ionization conditions under AP- 
MIPI-MS are obtained due to the presence of solvent 
molecules, the AP-MIPI source is especially suitable as 
an interfacle between HPLC and mass spectrometry. All 
amino acids studied in this study (tryptophan, alanine, 
arginine, and lysine) using Al’-MIPI produced a proto- 
nated molecular ion as the base peak of the spectrum. 
Sensitivity and Dynamic Range 
The potential of AP-MIPI as a quantitative soft ioniza- 
tion source for mass spectrometry is summarized in 
Figures 8a and 8b. For Figure Ba, solutions of alanine at 
the follow:ig concentrations were injected: A, 10 pg/ 
/.LL; 8,100 pg/pL; C, 1000 pg/+L; and D, 10,000 pg/yL. 
A solution of water + methanol (50:50, v/v) as the 
carrier liquid and a 5 PL injection loop were used for 
this experiment. Due to the limited resolution capabil- 
ities of the mass spectrometer used, a low flow rate of 30 
pL/min was used to reduce the interference caused by 
the tail of the peak at m/z 91 (a protonated water 
cluster) with that of the peak at m/z 90 (protonated 
alanine). Figure 8b shows the log-log plot of the cali- 
bration curve. As shown, the linear dynamic range 
spans at least two orders of magnitude, and the upper 
limit of quantitation is approximately 5 ng. 
Efict of Phosphate Buffer on the Ion Signal 
Phosphate buffers are often used in capillary electro- 
phoresis separations of biological samples, such as 
amino acids, in complex mixtures [23]. Electrospray 
ionization, currently the most popular interface be- 
tween liquid chromatography or capillary electrophore- 
sis and mass spectrometry, suffers from a high level of 
signal sup:pression when these buffers are used [24]. TO 
examine the effect of a sodium phosphate buffer on the 
ion signal intensity using AP-MIPI-MS, a single ion 
chromatogram (m/z 175, protonated arginine) for 
three consecutive 20 ,uL injections of a 0.1 mg/mL 
arginine solution was compared with that of three 
consecutive 20 FL injections of 0.1 mg/mL arginine in a 
J Am So-c Mass Spectrom 1998, 9, 42-49 
20 mM solution of sodium phosphate (Figure 9). Under 
single ion monitoring mode (m/z 175), the heights of the 
ion signals were approximately 33% lower when the 
sodium phosphate buffer was present. Comparison be- 
tween the mass spectra produced by the arginine solu- 
tions under a wide scan mode (100-200 Da) revealed that 
except for a drop in the absolute ion intensity of m/z 175 
in the mass spectrum of the buffer-containing solution, no 
other significant differences were present. 
Conclusions 
A newly designed atmospheric pressure microwave 
induced plasma ionization source has been presented 
for molecular analysis using mass spectrometry. The 
newly designed torch and vacuum interface are shown 
to be successful in the nebulization and vaporization of 
aqueous solutions, as well as in ionization and trans- 
portation of ions into the mass spectrometer. It is shown 
that AP-MIPI is compatible with flow rates similar to 
those of HPLC. Furthermore, the soft ionization condi- 
tions offered by this design make it possible to generate 
protonated molecules with minimal fragmentation. The 
stability of the ion signal when a sodium phosphate 
buffer was used demonstrates this technique’s potential 
for analysis of biological samples containing buffer 
solutions. These characteristics plus the subnanogram 
detection limit point to AP-MIPI as an alternative 
ionization source for further development. 
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